The mobilities of oligomers of phage lambda DNA and of yeast chromosomes in agarose gels during field inversion gel electrophoresis (FIGE) were measured at different pulse times and electric fields. Also the ratios between forward and backward pulse times and/or field gradients were varied. The problem of 'band inversion' during FIGE, leading to an ambiguity in the mobility of large DNA fragments, was solved by using two dimensional gel electrophoresis with different parameters in the first and second dimension. The results are compared with those obtained with other pulsed electrophoresis systems and with a theoretical model.
INTRODUCTION
Linear double stranded DNA fragments with different molecular weight are routinely separated by agarose gel electrophoresis. Under constant field conditions the resolution is lost above a fragment length of about 20 kbp, depending on field strength and agarose concentration.
In the last few years, powerful new electrophoretic methods have been developed for the separation of very large DNA molecules, which is important for mapping long parts of genomes. This is possible by periodically changing the direction of the electric field. Different variations in field geometry have been developed, which are distinguished as pulsed field gel electrophoresis (1), orthogonal field alternating gel electrophoresis (2) , field inversion gel electrophoresis (3), contour clamped homogeneous field (4), transverse alternating field electrophoresis (5), crossed field electrophoresis (6), rotating field electrophoresis (7), programmable autonomously controlled electrodes (8) and pulsed homogeneous orthogonal gel electrophoresis (9) .
Some effort has been made to describe the mobility of DNA in agarose gels. The most successful theory, called 'reptation', is based on the assumption, that the molecule moves like a reptile through the tubes formed by the gel (10) (11) (12) (13) (14) (15) (16) . Recently, numerical simulations of DNA motions have been performed (17, 18) and also a logistic function has successfully been used to describe the mobility of linear DNA in agarose gels (19) . Several explanations about the behaviour of DNA under pulsed field conditions have been proposed, assuming a relaxation process (20) , reorientation of the DNA molecule (1), gel hysteresis (21) or resonance aspects (22) . Other investigators have used computer models to simulate the motion of DNA molecules in pulsed field experiments (23 -26) , but the physical mechanism of separation is still not clear. Before such a theoretical understanding can be achieved, a systematic study of the mobility of DNA under non-stationary electrophoresis conditions is necessary.
We have restricted ourselves to the field inversion gel electrophoresis (FTGE), a technique, which is based on the periodic inversion of a uniform electric field in one dimension. To achieve a net migration, the pulse in the 'forward' direction has to be of higher field or of longer duration than the one for the 'reverse' direction.
The FIGE system can be built up with a minimum of instrumentation and is also applicable for the separation of smaller molecules (10-50 kbp). Because of its simple and homogeneous field geometry it is not necessary to take into account a field angle or sophisticated field gradients. No 'nominal voltage' or 'nominal mobility' as for PFGE (27) has to be introduced and the mobilities of the DNA molecules can directly be compared to those obtained by conventional agarose gel electrophoresis.
For FIGE, a nonmonotonous behaviour of DNA mobility (band inversion) has been reported (3). To distinguish DNA molecules of different size, but of the same mobility without the need of hybridisation, we used two dimensional gel electrophoresis. First and second dimension differ in at least one parameter, allowing us to evaluate data from both dimensions.
Our aim was to study systematically the parameters, which influence the motion of DNA molecules under FIGE conditions, to achieve optimal and reproducible separation. The data should help to get to a better understanding of the mechanisms of this kind of separation. Comparable studies have been published for the PFGE (27, 28) and the PACE system (29, 30) and for FIGE in a lower molecular weight range (30, 31) .
MATERIAL AND METHODS

DNA samples
Lambda (wt) oligomers were prepared as described by Herrman et al. (32) , originally based on a suggestion from C.L.Smith: The phages from a 200 ml overnight culture with a titer of about 10 10 pfu/ml were harvested by precipitation with 2% (w/w) NaCl, 8% (w/w) PEG and suspended in 3ml TE-buffer (lOmM Tris-HCl pH 8.0, lmM EDTA). This suspension was mixed with one volume of 1 % low melting agarose (BRL, Type 5517UB) in the same buffer, both having been equilibrated at about 50°C,then dispensed into precooled block-formers (Pharmacia-LKB; 2x5x 10 mm/Block) and chilled on ice. After solidification, the blocks were transfered into a five fold volume of sterile ESP-Puffer (0.5 M EDTA pH 9-9.5, 1 % Na-Laurylsarkosine with 2 mg/ml Proteinase K, preincubated for 30 min. at 65°C to remove nuclease contaminants). The blocks were rinsed in TE and can be stored in 0.5 M EDTA (pH 9)/10 mM EGTA at 4°C for several months. This procedure leads to multimers up to 20 times the size of the lambda genome.
Yeast DNA from strain YP 148 (a kind gift of G.Bates and H.Lehrach) was prepared exactly as described for solid plugs by Carle and Olson (ref.33, p.469 ) with the only modification that 0.1 mg/ml Lyticase (Sigma, 2040 u/mg) instead of 1 mg/ml Zymolase was used and that solution II was supplemented with 10 mM EGTA. Plugs with chromosomal DNA of yeast strain YNN 295 were obtained from Bio-Rad (Miinchen, FRG). Apparatus A conventional electrophoresis power supply (Heathkit IP-2717) was connected to a standard horizontal gel chamber via a homemade relay box, consisting of four opto-couplers (ODC5-A; Opto 22, Huntington Beach, USA) connected like a bridge-rectifier. For experiments with two different electric fields in the forward and backward direction, a diode in parallel to a variable resistor was used (see Fig.l ). The pulses were generated by a simple BASIC program which runs on a home computer (Commodore C-64) and which is available on request. In this way every conventional agarose electrophoresis device can be changed at low cost to a FIGE-system, which is able to separate DNA molecules up to at least 2 Mbp.
Electrophoresis
The gels (1% Agarose; BRL) with the dimensions of 12.5x8.0x0.5 cm or 12.5x12.5x0.5 cm were poured and run in 0. the buffer temperature raised by 0.5°C or up to 21°C if stronger fields were used. By circulating the buffer (11) with a peristaltic pump at about 10 ml/min., the pH and conductivity could be held nearly constant during the run.
All the voltage gradients given in the text are values directly measured along the gel with two platinum electrodes and a digital voltage meter.
After introducing the blocks or small portions into the slots, they were sealed with 1 % molten agarose (in 0.5 xTBE). The DNA was electrophoresed into the gel with a prerun at 5.3 V/cm for 15 min before the different pulse or voltage conditions were applied. Total running times were between 10 and 65 hours, depending on the field, the field ratio or the time ratio used.
For two-dimensional gels, unstained slices of the first dimension were trimmed with a scalpel to about 12.5 X0.5 x0.5 cm, turned by 90° around the longitudinal axis and cast into a new agarose gel. After the run, the gels were stained with ethidium bromide (1/ig/ml, 15 min.), destained in water (15 min.) and photographed on a UV-transilluminator together with a clear plastic ruler. 
Evaluation of data
The positions of spots or bands were drawn from the photograph to a plastic foil, because the contrast was not always sufficient for scanning. This foil was then scanned and digitized by a Hawk scanner (Marvin AG, Zurich, Switzerland) or with the help of a digitizer tablet (CRP, Konstanz, FRG), connected to an ATARI 1040 ST personal computer. The positions were evaluated using homemade and public domain software.
RESULTS
Parameters
Pulsed field gel electrophoresis has been reported to be very sensitive to a number of factors which influence the migration of DNA, including the pulse time, the electric field, agarose concentration, temperature, angle between the fields and field geometry. In the FIGE system the reorientation angle has a constant value of 180° and the field geometry is homogeneous. By maintaining constant the agarose concentration at 1 % and the temperature at 18°C, we could reduce the number of parameters to a set of four. These are the time of forward and backward pulse (t f and t b ), the ratio between them (R,=Vtb)> tne electric field in the
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forward and backward direction (Ef and E(,) and the field ratio (R E =Ef/Et,). To permit a direct comparison of the separations under different conditions and also with published data, most of the mobilities are expressed as the relative mobility compared to that of the lambda monomer as an internal standard. The total runing time (T) had no influence on the relative mobilities (data not shown) and was routinely chosen so that the lambda monomer migrated 8-10 cm, which for example can be achieved in 18 hours with E=5.3 V/cm, R, = 3 and R E =1.
Two dimensional gels
One characteristic of the FIGE is that certain molecules with higher molecular weight run faster than smaller ones (3). For this reason most gels were run in two dimensions. The parameters for the second dimension should differ from those of the first dimension in a way that bands which could not be resolved in the first dimension, are separated in the second one. An example is shown in Fig.2 . Spots No. 8-11 (chromosomes XI,X,XTV and ff), which are compressed in the first dimension, are resolved under the conditions of the second dimension, conditions which would fail to separate spots 2-4 (chromosomes I,VI and HI). To obtain spots instead of bands and therefore a better resolution, the gel slice of the first dimension must be turned by 90° around its longitudinal axis before it is recast in new agarose.
With this technique DNA bands with different molecular weight but with the same mobility in FIGE gels, can easily be identified, so that misinterpretation of results, which is possible in one dimensional FIGE gels, can be avoided. All chromosomes of YP 148 except the largest one (chromosome XII), which did not enter the gel under these conditions, could be separated in one two dimensional gel. The pattern of chromosomal DNA of both strains is the same, except for chromosomes XV and VII, which run together in YNN 295 (double spot, 1100 and 1120 kbp), but which are separated in YP 148. So it should be one of these two chromosomes of YP 148, which is fragmented into two parts, resulting in an additional band of 97 kbp and a larger part of about 1020 kbp. Therefore the value of 1260 kb for chromosome VII, given by Mortimer and Schild (35) appears to be too high. Dependence on pulse time One of the most interesting parameters for pulsed field separations is the switch interval. Fig.4a shows a set of experiments which differ in the pulse time tf and t|,, by maintaining constant the parameters E=5.3 V/cm, R E =1 and R,=3. There can be seen the typical separation pattern of FIGE as described by Bostock (31), with a 'window' of nearly linear separation between two 'compression zones' and the region in which molecules with higher molecular weight migrate faster than smaller ones. This behaviour demonstrates that a one-dimensional FIGE with constant pulse times has only a limited practical application e.g. for size determination or restriction mapping, but is very useful if the 'window' for the linear separation is known and appropriate pulse times or time ramps are chosen.
Size of yeast chromosomes
Among the theories about pulsed field separation, the only model which leads to a comparable separation pattern is that of G.T. Dee (ref.20 , case 3). In this model, it is assumed that the mobility of a DNA molecule is initially reduced after field reversal, but later is increased to its constant field value.
In order to compare our results to this model, the data from Fig.4a were drawn as yJyv s log(mol.weight) (Fig.4b, solid lines) . The values of /t,,, which are defined as the constant field mobilities, were determined by separating a ladder of lambda oligomers by FIGE in the first dimension and then subject it to a conventional gel electrophoresis in the second dimension. For lambda monomer, ^ was estimated to 0.286 (/trri/s)/(V/cm) for E=2.7 V/cm, 0.467 Oun/s)/(V/cm) for E=5.3 V/cm and 0.606 (/im/s)/(V/cm) for E = 8.0 V/cm (valid for 1% Agarose in 0.5xTBE at 18°C).
This plot shows the rather regular behaviour of the separation by FIGE beginning at pulse times above about 20 s (under these conditions). The deviations at shorter pulse times appear to be due to an overlap between a conventional separation and the one by pulsing. The curves obtained for pulse times longer than 20 s, are identical in shape and differ only by a shift along the molecular weight axis.
The short molecules, which should not be affected by the switching process, move with a mobility ratio of fi//^ = 0.5. This is the expected value for R,=3, because we can assume that such molecules should have a net mobility, which corresponds to the net time the field is applied in the forward direction. This dependence can be described by To describe the horizontal shift of the curves, we chose the molecular weight with minimum mobility as a characteristic point for each experiment. In the range of 5 to 100 s, raising of pulse time results in a shift to higher molecular weight, which can be described by a straight line in a double logarithmic plot with a slope of 0.77 (Fig.4c ). 
Effect of pulse time on mobility
If one regards the mobility of a DNA molecule with particular size, patterns as shown in Fig.5 are obtained: At a certain pulse time-typical for the molecular weight-the mobility comes to a minimum before it reaches the plateau of maximum mobility.
This non-monotonous behaviour is very different to the mobility in PFG, which is described to decrease inversely proportional to pulse time (ref. 28 , Fig.6 ) Dependence on electric field gradient Varying the voltage but keeping the other parameters constant (e.g. t f =60 s, ^=20 s, R, = 3, Rg= 1) also results in different windows of separation, in a manner similar to the alteration of the pulse time (Fig.6a) . Electric fields above 8 V/cm gave diffuse bands, which made it difficult to evaluate the data. The field strength has also great influence on the upper separation limit: At a gradient of 5.3 V/cm, chromosome XII with about 2.2 Mbp could not be resolved, but this was possible at 2 V/cm. At a field of 8 V/cm, even the 1.6 Mb band (chromosome TV) failed to enter the gel.
A good compromise between the sharpness of bands, the duration of an experiment and the upper molecular weight limit, is obtained at a field gradient of 4-6 V/cm: Good separation up to 1.6 Mbp can be achieved in less than 24 hours.
The shift of the 'separation window' can be described by using again the molecular weight with minimum mobility. Fig.6b shows that it depends linearly on the field gradient. Effective switch time Because of the similar effects which are caused by varying pulse time and electric field, some investigators suggested that the relative migration of DNA in pulsed field experiments is dependent on the product of switch time and voltage gradient, called the 'effective switch time' (31, 37) .
Combining the data from a number of experiments as described in Figs.4 and 6, we found that this description is too simple, but can be replaced by the following relation:
Mol. weight^.™*, = lUE.tr 0 -77 Eq. 1 valid in the range of t f = 5-100 s, E = 2-8 V/cm, R E =1, R,=3 and for 1% Agarose in 0.5XTBE at 18°C (Mol.weight in kbp).
Comparison with a model
The pattern of mobilities obtained in Fig.4b looks very Eq.2 We tried to adapt the theoretical curves to the experimental data. The most satisfying correspondence was achieved, if the relaxation time t,. was replaced by the third power of molecular weight and the pulse time t f by tf 3 *E 3 *l(P (Fig. 4b, dotted line) . The parameters dj and 62, for which the practical meaning is not clear, were chosen as d] = 3.4 and d 2 = 2.9. Because of the deviations at shorter pulse times, we neglected to fit all the data, but this comparison shows that the mobility of linear DNA in a FIGE experiment under the conditions given in Fig.4 , can approximately be described by a sum of exponential functions. This allows to predict the position of the 'separation curve' in a yJ^ vs log(mol. weight)-plot for a given set of parameters. It is therefore possible to choose the appropriate conditions for setting up a FIGE experiment.
Dependence on the ratio of forward to reverse pulse time
Varying the ratio R, leads to very interesting results as shown in Fig.7 . With decreasing ratio R, there appears a second zone of minimum mobility in the lower molecular weight range and a peak of maximum mobility of DNA molecules which move as fast or even faster as the lambda monomer. With increasing R,, this minimum and maximum disappear but the zone of 'linear' separation is disturbed by a point of inflection (R,=6), which can be enhanced to a new local maximum of mobility at R,= 12.
This complex behaviour shows that the ratio of R,=3, which is usually chosen in most FIGE experiments, results in a simple separation pattern with a linear zone, but this has to be regarded as a special case of a more complicated mechanism. The pattern shown in Fig.7 can be regarded as an overlapping of at least two events, which are similar to those described in ref. 20 .
Pulsing with different fields in the forward and reverse direction.
Another type of FIGE has also been described (36) , which uses different fields in the two different directions instead of different times. Analogous experiments to those described above have been performed. Fig.8a shows the effect of varying the pulse time. The dependence on the electric field, which was estimated with lambda oligomers in one dimensional gels is shown in Fig.8b . As in the case of different pulse times, we investigated the effect of varying the ratio between the electric fields in the forward and backward direction. The dependence of the relative mobility of DNA molecules on R E is qualitatively similar to the dependence on R, as shown in Fig. 8c .
Pulsing with different fields and different times
Both types of FIGE can be combined as proposed by Lalande et al. (23) . This variant One interesting result is the similarity of the separation pattern in these experiments to those for R,=6 in Fig.7 and for R E =6 in Fig.8c , which support the assumption, that 
DISCUSSION
With the use of two dimensional electrophoresis we were able to study the complex behaviour of large double stranded linear DNA molecules in FIGE separations without the need of time consuming hybridisations. In spite of the differences compared to other non-stationary electrophoresis systems we found some similarities, for example the different zones of separation described for PFG (28) , CHEF (38) or PACE (29) , which can also be seen in FIGE if higher ratios of R, or R E are used.
In this study we investigated the influence of the most important parameters on the separation by FIGE, which are the pulse time and the electric field and their ratios. Other parameters, especially temperature and agarose concentration, also play a role in the separation of large DNA molecules, but were held constant. Their influence has already been described (27, 31) . None of the existing theories can really explain the typical pattern seen in FIGE separations. A good description at present appears to be the model proposed by G.T. Dee (20) , but it is only convenient for a special set of parameters.
We have shown that the FIGE system is useful for separating large DNA molecules up to at least 2 Mbp, if adequate parameters are chosen. Higher separation is achieved with low electric fields only (data not shown), a phenomenon which is not well understood. A major advantage of the FIGE system is that every conventional electrophoretic device can easily be converted to perform pulsed field experiments and that the field geometry is very simple.
The data available at present are of rather phenomenological kind, but are very useful for optimizing DNA separations. Together with the observation of single molecules in an agarose gel (26, 39) , linear dichroism studies (40) and with electric birefringence measurements (41 -43), they should now provide a quantitative basis for a universal theory, which may be valid for all PFG systems.
